Abstract Mellitate anions form hydrogen-bonding infinite networks in the salts with pyridinium cations. The network pattern depends on the number of deprotonation (n) from the mellitic acid; for n = 3, triangular hydrogen-bond units form a two-dimensional sheet, while for n = 2, dual hydrogen-bond units induce one-dimensional belts or two-dimensional grids. These selforganizing properties have been utilized for the crystal design of the TTF-type radical cation salts. Crystallization with TMTTF gave two kinds of crystals. One of the radical cation salt crystals consists of a channel network of the anions and one-dimensional columns of TMTTF in the channels. In the other TMTTF salt, the anions with n = 1 form a two-dimensional sheet with methanol molecules. The TMTTF radicals are packed between the sheets with their molecular planes parallel to the anion planes.
INTRODUCTION
Since the properties of molecular crystals depend strongly on the molecular arrangement and intermolecular interactions, crystal design is one of the important research targets in many fields of molecular materials. For molecular conductors and magnets, in many cases, the crystals can be designed by dividing them into two components; one is a charged functional component that provides an electronic function, and the other is a counter ion. If the latter has ability of forming an infinite network, the functional counter component can be packed within the space defined by it. For such a purpose, we have selected mellitate anions from the following reasons. First, the precursor (mellitic acid, Scheme 1) has six carboxy groups so that the negative charge of the anion generated by deprotonation can be varied widely with the general formula of [C 6 (COO) 6 H 6-n ] n-. Secondly, the anion, except n = 0 and 6 (n: deprotonation number), has both carboxy and carboxylate groups that can form strong hydrogen bonds. By these aspects, the anions are expected to form infinite networks in the crystals, and the network pattern may depend on the numbers of the carboxy and carboxylate groups.
In order to examine such a possibility, we have first investigated the crystal structures of various pyridinium salts [1] . From this study, the strong self-organizing properties of the mellitate anions have been confirmed. Then, the anions have been utilized for the crystal component in the TTF-type radical cation salts. The anion network has actually been found to mold the crystal lattice, and the radical cation components are packed in the lattice in a very unique fashion. We describe here the network patterns of the mellitate anions and the structures and properties of some TTF-type radical cation salts.
EXPERIMENTAL
The pyridinium salts were prepared by mixing the mellitic acid and pyridine derivatives in methanol followed by slow evaporation of the solvent. The radical cation salts were prepared by electrolysis of the solution containing the TTF derivatives, mellitic acid, and pyridine or 3-methylpyridine. The crystal structures were determined by an ordinary X-ray technique using imaging plate or CCD diffractometers. The deprotonation number was determined from the geometrical features of the carboxy (carboxylate) groups [1] and those of pyridine (pyridinium) [1, 2] , and from the stoichiometry.
RESULTS AND DISCUSSION

Network formation in the pyridinium salts
Using five pyridine derivatives, unsubstituted, 3-amino-, 3-methyl-, and 4-methyl-pyridines, and isoquinoline, nine kinds of the salt crystals were obtained. In all the salts, the anion forms an infinite network. The variation of the deprotonation number n was in the range between 2 and 3.
When n = 3, repetition of the triangular unit produces a two-dimensional (2-D) sheet network as shown in Scheme 2(a), which is similar to that in the neutral mellitic acid crystal [3] . Paired hydrogenbonds between the carboxy groups in the acid crystal are all replaced by the single hydrogen-bonds between the carboxy and carboxylate groups in the salt. For n = 2 and 2.5, the intermolecular hydrogen-bond unit between the anions has been found to be mainly the "dual hydrogen-bond" units, in which two pairs of the single hydrogen-bonds connect the neighboring anions. There are two kinds of the units as shown in Scheme 2(b), and the network in the salts with n = 2 becomes a chain, grid, or channel. For n = 2.5, a 2-D sheet structure becomes a main network. One example is shown in Fig. 1 ; the salt with 3-methylpyridinium, [3-
2-] . CH 3 OH (1). The anions form a one-dimensional (1-D) zig-zag chain by dual hydrogen-bond units. Though 3-methylpyridinium cations also form hydrogen-bonds with the anion, they are located at the periphery of the chain and do not interrupt the infinite network formation of the anion. Two remaining carboxy groups (C and D in Fig. 1 
Molecular arrangement in the TTF-type radical cation salts
The strong self-organizing properties of the mellitate anion found in the pyridinium salts are promising as a lattice regulating component. In order to verify such ability, we have then performed the crystal growth of the TTF-type radical cation salts with the mellitate anion. . CH 3 OH (3). In the salt 2, the anions form a complicated network as shown in Fig. 2 ; the network is constructed by 1-D chains composed of [C 6 (COO) 6 H 5 -], methanol, and water molecules and 2-D sheets including the anions with n = 2 and 1.5, pyridinium, methanol, and water molecules, resulting in the 1-D channel structure. The TMTTF cations form a 1-D column in the channel. The face-to-face stacking structure in this salt is not so much different from those found in the ordinary TTF-type radical cation salts. However, completely different cation arrangement has been obtained in the salt 3. Figure 3 are parallel to the anion sheet. In many cases, the TTF-type radical cations form a face-to-face overlapped dimer in their simple salts with closed-shell anions due to the strong π−π interaction operating between them. In the salt 3, the π−π interaction is completely frustrated by the network of the mellitate anions. The radical cations are aligned in a single plane with practically the same orientation ( Fig. 3(b) ). Indeed, the single-crystal EPR spectrum showed a single Lorentzian signal in all the orientations with ideal matching of the g-tensor with the molecular axes as shown in Fig. 4 . The magnetic interaction between the radicals is expected to be weak, since all the S … S distances are rather large (3.94-4.27 Å). The temperature dependence of the susceptibility has been found to be reproduced by the sum of the singlet-triplet type paramagnetism with J/k B = -42 K and a small contribution from the Curie type paramagnetism, indicating that the weak exchange interaction is operating in the dimeric unit through the side-by-side interaction.
In both TMTTF salts, the donor molecule is completely oxidized, and the crystals are insulators. In the case of the electrocrystallization of EDT-TTF (ethylenedithia-tetrathiafulvalene), a partially oxidized salt of [EDT-TTF 2/3+ ] 3 [C 6 (COO) 6 H 4 2-] has been obtained. The crystal is composed of the 2-D sheets of the anions and the 2-D networks of the EDT-TTF molecules; the face-to-face overlapping 1-D columns are interacting with each other by side-by-side S … S contacts. Since the HOMO-HOMO interactions are rather weak and not uniform, the crystal is semiconducting with ρ rt = 0.11 Ω cm and E a = 0.12 eV.
In the mellitate salts with the TTF-type radical cations so far obtained, the pyridine (pyridinium) molecules co-existed in the solution do not interrupt the network formation of the mellitate anions. Since the TTF-type donor molecules do not act as a hydrogen-bond acceptor or a donor that caps the carboxy or carboxylate groups, surplus carboxy and carboxylate groups are further connected by hydrogen-bonds, and the dimensionality of the anion network becomes higher than those in the pyridinium salts. The strong self-organizing properties of the mellitate anions are notable, and in the TMTTF salt 3 the π−π interaction between the π-radicals is completely frustrated. This outstanding feature is further demonstrated in the TTF salt in which the TTF radical column becomes helical due to the double helix formation of the mellitate anions, and the details will be published elsewhere.
